Organization of the synthesis of glycolipid oligosaccharides in the Golgi complex  by Maccioni, Hugo J.F. et al.
FEBS Letters 585 (2011) 1691–1698journal homepage: www.FEBSLetters .orgReview
Organization of the synthesis of glycolipid oligosaccharides in the Golgi complex
Hugo J.F. Maccioni ⇑, Rodrigo Quiroga, Waldo Spessott
Centro de Investigaciones en Química Biológica de Córdoba, CIQUIBIC (UNC-CONICET), Departamento de Química Biológica, Facultad de Ciencias Químicas,
Universidad Nacional de Córdoba, Ciudad Universitaria, 5000 Córdoba, Argentina
a r t i c l e i n f oArticle history:
Received 15 February 2011
Revised 11 March 2011
Accepted 14 March 2011
Available online 22 March 2011
Edited by Sergio Papa, Gianfranco Gilardi
and Wilhelm Just
Keywords:
Glycolipid
Ganglioside
Glycosyltransferase
Golgi complex
Glycosyltransferase trafﬁcking
Glycosyltransferase sorting0014-5793/$36.00  2011 Federation of European Bio
doi:10.1016/j.febslet.2011.03.030
⇑ Corresponding author. Fax: +54 351 4334171.
E-mail address: maccioni@dqb.fcq.unc.edu.ar (H.J.Fa b s t r a c t
Glycolipids constitute a complex family of amphipathic molecules structurally characterized by a
hydrophilic mono- or oligo-saccharide moiety linked to a hydrophobic ceramide moiety. Due to
their asymmetric distribution in cell membranes, exposing the saccharide moiety to the extracyto-
plasmic side of the cell, glycolipids participate in a variety of cell–cell and cell–ligand interactions.
Here we summarize aspects of the cell biology of the stepwise synthesis of the saccharide moiety in
the Golgi complex of cells from vertebrates. In particular we refer to the participant glycosyltrans-
ferases, with emphasis on their trafﬁcking along the secretory pathway, their retention and organi-
zation in the Golgi complex membranes and their dependence on the Golgi complex ultra structural
organization for proper function.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Glycosphingolipids are amphipathic molecules constituted by a
hydrophobic moiety, the ceramide, and a hydrophilic moiety con-
stituted by a mono- or oligo-saccharide of diverse complexity
linked to the hydroxyl group of ceramide. Those whose oligosac-
charides contain sialic acid belong to the complex family of gan-
gliosides. They are most concentrated in the plasma membrane,
although they are also present in some internal membranes. In
all cases they are asymmetrically distributed, almost exclusively
located in the extracytoplasmic leaﬂet of these membranes. At
the plasma membrane, they have the organizational property of
forming cell surface microdomains in which their oligosaccharides,
in concert with other O- or N-linked oligosaccharides, constitute
clusters of glycosyl epitopes. These clusters may interact with di-
verse proteins such as bacterial toxins, cell adhesion molecules,
growth factors, or tetraspanin molecules. From these interactions,
glycolipids may function as modulators of signal transduction
and inﬂuence the cellular phenotype in normal and in pathological
conditions [1].
2. The synthesis of ceramide linked oligosaccharides
The oligosaccharide of complex glycolipids is synthesized by
the stepwise addition of sugars catalyzed by speciﬁc glycosyltrans-chemical Societies. Published by E
. Maccioni).ferases (GT) in the Golgi complex (Fig. 1). As is the case of GT acting
on the terminal glycosylation of glycoproteins [2], most glycolipid
GT which add monosaccharides to ceramide-linked mono or oligo-
saccharides are typical Golgi resident type II integral membrane
proteins. In the Golgi membranes they form part of a complex
organization that in the lumen of the organelle and in conjunction
with membrane bound sugar transporters and donor sugar nucle-
otides, directs the synthesis of the basic oligosaccharide structures
that determine the different series of glycolipids.
The trafﬁcking of ceramide and Cer-Glc is being deciphered by
work from several laboratories. Ceramide, the lipidic moiety of
glycosphingolipids, is transported from the ER to the proximal Gol-
gi by the cytosolic protein CERT. CERT extracts ceramide from the
ER through its FFAT and START domains and transfers it to the Gol-
gi apparatus in a non-vesicular manner [3]. At the proximal Golgi,
ceramide is converted to glucosylceramide (Cer-Glc) by GlcT. GlcT
is a ceramide glucosyltransferase whose catalytic site is oriented
towards the cytoplasm, and has type III topology. From its cyto-
plasmic leaﬂet site of synthesis by GlcT, Cer-Glc is transported to
the distal Golgi by FAPP2, where it is translocated to the luminal
leaﬂet. Cer-Glc is converted into Cer-Lac (Cer-Glc-Gal) and higher
glycolipid derivatives by GT acting in the lumen of the distal Golgi
(Fig. 1) [4] (reviewed in [5]). Cer-Glc is also transported by a non-
vesicular, brefeldin A (BFA) insensitive mechanism, directly to the
plasma membrane where it turns over rapidly but is poorly used
for synthesis of more complex glycolipids [6]. It has been proposed
that FAPP2 may also transport Cer-Glc from the cis Golgi to the ER,lsevier B.V. All rights reserved.
Fig. 1. Pathway of biosynthesis of some glycolipids. For simplicity only Cer-Glc derived species of the ‘‘a’’, ‘‘b’’ and ‘‘c’’ series (gangliosides) are shown. GalT: UDP-
Gal:ceramide galactosyltransferase; CerGalST: PAPS-galactosylceramide sulfotransferase; GlcT: UDP-Glc:ceramide glucosyltransferase; GalT1: UDP-Gal:glucosylceramide
galactosyl transferase; SialT1: CMP-NeuAc:lactosylceramide sialyltransferase; SialT2: CMP-NeuAc:GM3 sialyltransferase; GalNAcT: UDP-GalNAc:LacCer/GM3/GD3/GT3 N-
acetylgalactosaminyltransferase; GalT2: UDP-Gal: GA2/GM2/GD2/GT2 galactosyltransferase; SialT3: CMP-NeuAc:GD3 sialyltransferase; SialT4: CMP-NeuAc:GA1/GM1/GD1b/
GT1c sialyltransferase; SialT5: CMP-NeuAc:GM1b/GD1a/GT1b/GQ1c sialyltransferase. The nucleotide sugar donors that participate in each transfer step are not shown in the
ﬁgure. Gangliosides are named according to Svennerholm [94].
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tory pathway and reach the Golgi lumen for further elongation to
higher order derivatives [7].
Some epithelial cells, and myelin producing cells express Cer-
Gal as a major glycolipid. Ceramide galactosylation occurs in the
endoplasmic reticulum (ER) by a ceramide galactosyltransferase
(GalT) that has type I topology, with a luminal N-terminal domain
bearing an ER retrieval signal and the catalytic site [8,9]. Cer-Gal is
precursor of sulfatides (Cer-Gal-SO4) by accepting sulfate residues
from donor 30-phosphoadenosine-50-phosphosulfate in the posi-
tion C3 of the galactose [10]. The involved sulfotransferase local-
izes to the Golgi complex [11] with its catalytic site oriented to
the luminal side [12].
3. Molecular organization of Golgi glycosyltransferases
Golgi resident GT bear a modular structure consisting of a
N-terminal domain (Ntd) constituted by a relatively short cyto-
plasmic tail (ct), a transmembrane segment (tmd), and a short
stem region to which the luminal C-terminal domain, bearing the
catalytic site and the sugar nucleotide binding domain, is ap-
pended [13,14]. The Ntd is sufﬁcient to allow exiting from the ER
and concentration in the Golgi of reporter proteins fused to the
C-terminus [15,16]. Because of this, many studies have focusedon the tmd in attempts to characterize the molecular determinants
that confer these sorting properties.
4. Exiting of GT from the ER
Protein export from the ER is a selective process initiated by
recruiting the GTP form of the small GTPase Sar1 to the ER mem-
brane. Sar1 GTP initiates further recruitment of the heterodimeric
complex Sec23p-Sec24p forming the prebudding complex, with
which the ct of integral membrane cargo proteins interact [17–
19]. Vesicle completion occurs with participation of the tetramer
Sec13p-Sec31p [20,21] and of other cytosolic proteins constituent
of the COPII complex. This process induces the formation of ER exit
sites from where prebudding COPII transport vesicles accommo-
date cargo molecules (cell surface proteins, secretory products,
extracellular matrix components, etc.) for transport along the
secretory pathway [22]. Cargo selection occurs by different mech-
anisms: soluble cargos are concentrated in COPII vesicles by indi-
rect association with transmembrane export receptors containing
speciﬁc ER export signals while most transmembrane proteins
bind directly to speciﬁc COPII subunits by interactions of particular
amino acid motifs present within their ct [23–25] (reviewed in
[26]). Exiting of GT from the ER depends on determinants present
in the Ntd; molecular dissection of the Ntd localize these determi-
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close to the membrane border [27].
5. The (R/K)x(R/K) cytoplasmic tail motif and ER exiting
Golgi GT concentrate selectively into COPII vesicles by a direct
interaction of their ct with Sar1 through a (R/K)x(R/K) motif prox-
imal to the transmembrane segment [27–30]. Both Sar1-GDP and
Sar1-GTP interact with the ct sequence peptides, but only Sar1-
GTP bound to peptides is able to bind Sec23 from a rat liver cytosol
[27]. An in silico screening of regions in Sar1 responsible for the
interaction with ct bearing the (R/K)x(R/K) motif identiﬁed three
putative binding pockets (sites A, B, and C) involved in the interac-
tion with the (R/K)x(R/K) motif [31]. Sar1 mutants with alanine
replacement of amino acids in site A (Sar1D198A) were tested
in vitro and in cells. In vitro, mutant versions showed a reduced
ability to bind immobilized peptides with the ct sequence of GalT2.
In cells, Sar1 mutants speciﬁcally affect GT exiting from the ER,
resulting in an ER/Golgi concentration ratio favoring the ER
(Fig. 2). Neither the typical Golgi localization of GM130 nor theFig. 2. Sar1D198A expression speciﬁcally redistributes GalT2 to the ER. (A) Cells co-exp
Sar1D198A-CFP. Complete retention of GalT2-YFP in the ER occurs when cotransfected w
Cells co-expressing VSVG-YFP with Sar1-CFP, or with Sar1T39N-CFP (GDP-restricted), or w
but reached PM normally when co-expressed with Sar1D198A. (C) Schematic representati
VSVG are concentrated within budding COPII vesicles by binding to Sar1 and Sec24, resp
Ntd in its short cytoplasmic tail. VSVG binds to Sec24 by a DxE motif present at the C-term
(D) Schematic representation of cargo and COPII recruitment to the ER membrane by mut
COPII vesicles, resulting in its selective ER retention. VSVG binds to Sec24, and therefore i
Ref. [31].exiting and transport of the G protein of the vesicular stomatitis
virus (VSV-G) were affected, indicating that direct interaction of
the GalT2 ct with Sar1, more speciﬁcally with the region facing
the ER membrane surface, is critical for an efﬁcient concentration
of GT at ER exiting sites and for ER export and proper Golgi
localization.
The presence of the (R/K)x(R/K) motif in the ct of Golgi GT from
both mammalian [27,28] and plant [30] cells has been shown to be
critical for proper Golgi localization. A single basic amino acid was
reported as sufﬁcient to achieve efﬁcient export of GlcNAcT1 and
a-mannosidase II in plants [29], leading to the suggestion that ba-
sic amino acids in the ct could simply ensure correct insertion into
the membrane and/or determine the edge of the tmd [32]. How-
ever, the ER-exit impairing mutation of the tmd-proximal KSRGR
motif of plant prolyl hydroxylase for QSTGT [30], makes alteration
of tmd borders unlikely, due to the hydrophilic nature of the resi-
dues used. Additionally, in vitro binding experiments were conclu-
sive in demonstrating a speciﬁc and direct interaction of Sar1 with
basic residues present in peptides containing the sequence of cyto-
plasmic tails of GT [27,28].ressing GalT2-YFP with Sar1-CFP, or with Sar1T39N-CFP (GDP-restricted), or with
ith Sar1T39N, and partial retention in the ER when cotransfected with Sar1D198A. (B)
ith Sar1D198A-CFP. VSVG-YFP is retained in the ER when co-transfected with Sar1T39N
on of cargo and COPII recruitment to the ER membrane by normal Sar1. GalT2 and
ectively. GalT2 binds to Sar1 by a RKxRK motif (indicated with a star) present at the
inus of its long cytoplasmic tail (indicated with a star), in a Sar1 dependent manner.
ated Sar1D198A. Sar1D198A fails to effectively bind GalT2 and concentrate it in budding
ts concentration and ER exit is not affected by the Sar1D198A mutation. Adapted from
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tion of transmembrane proteins which localize to the three major
subcellular compartments of the secretory pathway (ER, Golgi, and
plasma membrane, PM), and found that the most abundant motif
which could explain ER-export is the dibasic motif ([RK]x[RK]).
When the localization of the dibasic motif was restricted to a dis-
tance of less than 20 amino acids from the tmd border, its presence
was found in 19.2% of ER proteins, but noticeably in 51.0% of Golgi
proteins and 43.3% of PM proteins that necessarily exit the ER upon
entering the secretory pathway (Quiroga and Maccioni, in prepara-
tion). Similar results were obtained for type I proteins with short
ct, although a small number of proteins were analyzed. Keeping
in mind that the presence of this motif in ER-localized proteins
could be an over estimation due to ER–Golgi cycling, this evidence
supports the claim that a dibasic motif, when located close to the
tmd, is involved in speciﬁc ER-exit mechanisms, and not simply
determining tmd borders (see below).
6. The cytoplasmic tail and Golgi complex retention
Rather than continuing the journey along the secretory path-
way to post-Golgi destinations, GT (and Ntd fused reporter tags)
stay dynamically concentrated in Golgi membranes. The molecular
basis of the Golgi retention of GT, a representative example of
maintenance of compartmental identity along the secretory path-
way, is still unsettled [26]. Golgi residence of GT is maintained de-
spite a continuous anterograde membrane ﬂow that moves
secretory and membrane bound cargoes, including glycolipid prod-
ucts, towards the plasma membrane or other post-Golgi destina-
tions. In addition, GT cycle between distal and proximal Golgi
subcompartments and also between the Golgi and the ER.
Concerning amino acid motifs, the only one described so far that
mediates the retention of Golgi resident proteins is the FLxK motif
(more precisely [FL]-[LIV]-x(0-2)-[RK]), which is conserved in the
cytoplasmic tails of 16 yeast GT [33]; mutation of residues within
this motif results in loss of Golgi localization. The Vps74 protein,
which is reported to interact with this motif, is a tetramer highly
homologous to the human Golgi matrix protein GMx33, is con-
served from yeast to metazoans, and its deletion from the genome
of Saccharomyces cerevisiae results in mislocalization of cis and
medial mannosyltransferases [34].
In silico analysis of the prevalence of the FLxK motif in our col-
lection of mammalian type II proteins shows that it is present in
the cytoplasmic tails of approx. 17% of either ER, Golgi or PM pro-
teins, suggesting that other requirements, like the amino acidic se-
quence context and/or distance from the tmd, may be of relevance
to the efﬁciency of the motif in promoting Golgi retention. A close
examination of the 16 Golgi resident enzymes analyzed in Tu et al.
(2008), reveals the FLxK motif most frequently positioned in the
vicinity of di-basic motifs, and in proximity to transmembrane do-
mains. Because of this, we analyzed the presence of a di-hydropho-
bic motif [FLIVM] [FLIVM] in the vicinity of the di-basic motif
[RK]x[RK] [27], and this in turn close to the cytoplasmic border
of the transmembrane domain (maximum of 10 amino acids away
from the edge of the transmembrane domain). For simplicity, we
will call this motif LLxRR.
The analysis of this new LLxRR motif ([FLVIM]-[FLVIM]-x(0-2)-
[RK]x(0-1)-[RK]) suggests that its presence in the vicinity of a
tmd border could mediate retention in the Golgi in mammalian
cells, or perhaps regulate intra-Golgi localization through interac-
tion with COPI coat proteins, since it is enriched approximately
four-fold in the ct of Golgi-localized proteins when compared to
PM and ER localized proteins. Nevertheless, this motif is present
in a reduced number (12%) of the total Golgi-localized proteins,
indicating that other mechanism(s) may be also operating to pro-
mote Golgi retention of GT (see below).A yeast two-hybrid screening using the ct of GalT2 as bait iden-
tiﬁed calsenilin and its close homologue CALP (calsenilin-like pro-
tein), both members of the recoverin-NCS (neuronal calcium
sensor) family of calcium-binding proteins, as binding partners of
the GalT2 tail [35]. In vitro, GalT2 binds to immobilized recombi-
nant CALP, and CALP binds to immobilized peptides with the GalT2
ct sequence. GalT2 and calsenilin interact physically when co-ex-
pressed in CHO-K1 cells. The expression of CALP or calsenilin af-
fects Golgi localization of GalT2, and of two other GT, SialT2 and
GalNAcT, by redistributing them from the Golgi to the ER, whereas
the localization of the VSV-G or the Golgin GM130 was essentially
unaffected. Conversely, the expression of GalT2 affects the localiza-
tion of calsenilin and CALP by shifting a fraction of the molecules
from being mostly diffuse in the cytosol, to clustered structures
in the perinuclear region. From these combined in vivo and
in vitro results, it was suggested that CALP and calsenilin are in-
volved in the trafﬁcking of Golgi GT, perhaps dynamically regulat-
ing the amount of GT that reach the Golgi by competence with Sar1
in the binding to the ct at the level of ER exiting [35].7. The transmembrane domain and Golgi complex retention
Numerous studies have demonstrated the importance of the
tmd in determining the localization of Golgi resident GT [36,37].
In other studies, Golgi retention (or ER retention) has been attrib-
uted to speciﬁc amino acids in the transmembrane domain [38].
More recently, sorting of proteins in the anterograde and retro-
grade transport between compartments of the secretory pathway
is visualized as dependent on their partition into glycerophospho-
lipid (GPL) and sphingolipid (SL) enriched domains of the Golgi
membranes. Enrichment of cargo proteins in SL enriched domains
and resident proteins in GPL enriched domains of the Golgi mem-
branes has been proposed [39]. This is supported by observation of
SL delivery to the PM in Golgi-derived vesicles [40], of an enrich-
ment of sterols and SL in these vesicles [41], and an exclusion of
sterols and SL from COPI coated vesicles [42]. Differences in afﬁnity
of cargo and resident tmd for lipid domains could condition their
lateral diffusion on the Golgi membrane, resulting in their sorting
and selective trafﬁcking [43].
Transmembrane length [43–45] as well as hydrophobicity and
residue-volume asymmetries [46] have been proposed as the ma-
jor force driving protein concentration in ER and Golgi export
and retention domains. A consequence of these observations is
that, regarding integral membrane proteins, compartmental iden-
tity of different stations of the secretory pathway may be based
on different, although not exclusive, determinants. Cytoplasmic
tail amino acid motifs would play a principal role in ER exit and
also in Golgi retention, while tmd-properties based mechanisms,
alone or in concert with coat protein interactions would play a
principal role in Golgi retention and plasma membrane residence.8. The sub-Golgi localization of ganglioside glycosyltransferases
The issue of Golgi retention of GT results more complex when
their different concentration along the Golgi cisternae is taken into
consideration. An overlapped gradient of concentration along the
cis to trans axis of the organelle, following the order in which they
alternate in the processing pathway, was established for the case of
the transferases participating in the processing of N-linked glyco-
protein oligosaccharides [2,47]. On the other hand, ceramide-
linked oligosaccharides are not processed but synthesized by GT
that act in succession and compete at branching points for com-
mon speciﬁc acceptors. Their order of action depends heavily on
their speciﬁcities for the nature and the anomeric conﬁguration
of the linkage of the terminal sugar of the glycolipid acceptor.
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localizes to late elements of the Golgi complex [48–50]. However,
pharmacological and immunocytochemical approaches, revealed a
proximo-distal gradient of concentration of the involved transfer-
ases (reviewed in [51]).
Working in Golgi enriched membrane preparations from chick
retina cells in vitro, Maxzud et al. [50] found that endogenous
Cer-Lac ﬁrst labeled from radioactive UDPGal was converted into
GD1a when in a second step the incubation system was supple-
mented with the unlabeled sugar nucleotide donors required for
the four subsequent transfer steps; if only CMP-sialic acid was in
the second step, labeled Cer-Lac was converted into GM3 and
GD3. Since neither cytosol nor ATP was present in the experiment,
they discard the possibility that vesicular transport [52] or rapid
diffusion of intermediates along tubular connections [53,54] could
mediate the coupling of these transfer reactions. Rather, they inter-
preted that the transferases involved in these transfer steps (GalT1,
SialT1, SialT2, GalNAcT, GalT2, and SialT4) (Fig. 1) coexist in some
compartment. However, BFA, that in vivo inhibits anterograde
vesicular transport and redistributes the cis, medial and trans Golgi
(but not the TGN) into the ER [55], blocks the synthesis of complex
gangliosides with accumulation of Cer-Lac, GM3 and GD3 [56,57]
and GT3 [58], which indicates that a subcompartmentalization of
the synthesis actually exists in the Golgi. To conciliate their results
with those of the in vivo effect of BFA Maxzud et al. [50] suggested
that transferases for synthesis of Cer-Lac, GM3, GD3 and GT3 con-
centrate in the proximal Golgi and may extend their presence to
the TGN. The TGN resident GalNAcT [48] would be absent in prox-
imal Golgi compartments. In this scenario, the in vivo dissociation
of the proximal and the distal (TGN) Golgi caused by BFA would
impair the arrival of the acceptors GlcCer, Cer-Lac, GM3 and GD3
to the TGN. As a consequence, the operability of the fraction of
GalT1, SialT1, and SialT2 activities that extend to the TGN, and also
that of the TGN resident GalNAcT would not be detectable. Actu-
ally, accumulated GM3 and GD3 in BFA treated cells not only fail
to reach the TGN, but also fail to reach the PM, since no neuramin-
idase accessible GM3 or GD3 was found at the surface of BFA trea-
ted cells [58].9. The cytoplasmic tail and sub-Golgi localization of ganglioside
glycosyltransferases
Studies in CHO-K1 cells that co-express fusions of spectral vari-
ants of GFP to the Ntds of SialT2 and GalNAcT showed SialT2
spread along the proximal and distal Golgi [59] and GalNAcT as a
typical distal Golgi resident enzyme [48]. In the presence of BFA,
SialT2 showed preferential redistribution into the ER, in compari-
son with GalNAcT that mostly remains concentrated in the post-
BFA compartment [60]. These results indicate that the Ntds of
these enzymes carry information for such localization. Swapping
the cytoplasmic tails of the two enzymes results in localization
trends similar to the donors of these tails [60,61]. It is unlikely that
a conserved binding motif participates in the differential sub-Golgi
concentration, due to the lack of homology in cytoplasmic tail se-
quences (apart from the conserved ER exiting [RK(X)RK] motif de-
scribed above); among several possibilities, SialT2 may be
preferably retained in proximal Golgi elements, i.e., by interaction
of its cytoplasmic tail with other cytoplasmically exposed Golgi
protein partners. GalNAcT, with a shorter tail, would bind with less
afﬁnity to these partners or interact with different, more distally
located ones. GalT1 and SialT1, which in CHO-K1 cells associate
with SialT2 (see below), could passively follow the behavior and
dynamics of SialT2.
For the case of SialT1, three mouse isoforms with cytoplasmic
tail lengths of 69 aa (M1-SAT-I, localized to the ER, inactive forGM3 synthesis), 42 aa (M2-SAT-I, localized in Golgi and lysosomes,
having short half life), and 14 aa (M3-SAT-I, localized to Golgi,
functional) are translated by leaky scanning of a single mRNA
[62]. These isoforms present distinct intracellular dynamics, which
were attributed to the distance to which RR based signals are pres-
ent in their ct with respect to the transmembrane border, that
would balance their ER retention/ER exiting capacity, as advanced
by Giraudo and Maccioni [27]. It is expected that future work will
clarify how information encoded in Ntds inﬂuences sub-Golgi
localization.
Recently the presence of SialT2 activity in the plasma mem-
brane of CHO-K1 and SK-Mel-28 human cells, capable of using
extracellular CMP-NeuAc to convert plasma membrane GM3 or
exogenous GM3 into GD3 has been shown [63]. Since glycolipid
glycosidase activities have also been detected in the plasma mem-
brane [64], it is expected that further investigations will unravel
the effects of this cell surface remodeling activity on cell–cell inter-
actions or cell signaling events.10. Functional associations of glycosyltransferases
Several years ago it was hypothesized that GT may organize in
the form of multienzyme complexes that catalyze the successive
transfer reactions leading to the synthesis of glycoconjugates
[65,66] and participate in cell-adhesion events [66]. The physical
association of the two glycolipid GT acting at the late Golgi, namely
GalNAcT and GalT2, was demonstrated [15]. A complex of the more
proximally located GalT1, SialT1 and SialT2 was also shown [67].
Enzyme complex formation was found to improve the efﬁciency
of GM1 synthesis from exogenous GM3 in the presence of UDP-
GalNAc and UDP-Gal, suggesting channeling of the intermediates
from the position of product to the position of acceptor along the
transfer steps [15]. In F-11A cells, a sub-strain of neuroblastoma
F-11 cells, SialT2 was found physically interacting with GalNAcT
and with pyrene-labeled GM3, but not with SialT1 [68]. Most high-
er eukaryotic cells express at least GM3 at the cell surface, and
higher order gangliosides appear, e.g., during differentiation; it is
then possible that a GalT1 and SialT1 basic complex is present in
the majority of cells, and that other complexes may be formed
according to the differentiation-dependent up or down regulation
of the participating transferases. Complex formation may partici-
pate in conferring Golgi residence to these proteins, as was sug-
gested in the kin recognition hypothesis for Golgi retention of
the glycoprotein processing enzymes GlcNAcT1 and mannosidase
II [69].
Fluorescence Resonance Energy Transfer (FRET) microscopy in
living cells evidenced that GalT2 Ntds are able to form homocom-
plexes, in addition to participate in heterocomplex formation [70].
The existence of N-glycosylation enzyme homocomplexes of exclu-
sive Golgi localization was already documented [71] and recently
evidenced by bimolecular ﬂuorescence complementation [72].
Homocomplex formation might be considered as an enzyme trap-
ping mechanism that modulates the availability of a monomeric
partner to adjust to the stoichiometry of its participation in the
multienzyme complex. Up to now, the stoichiometry in enzyme
complexes and their activities have not been connected. Prelimin-
ary experiments in our laboratory (Ferrari and Maccioni, in prepa-
ration) performed by FRET microscopy in live cells indicate that the
mass stoichiometry in the complex of GalNAcT and GalT2,
approximates 1:2. If this mass ratio reﬂects the activity ratios of
the enzymes in the complex, it would favor the displacement of
intermediates to a galactosylated ﬁnal product (i.e., GM1 or
GD1a), but this possibility awaits further investigation.
The possibility that GT associations involve segregation in spe-
cialized membrane domains of the Golgi complex, similar to the
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[73,74]. was investigated in CHO-K1 cells [75]. While plasma mem-
brane GM3 and most GD3 and GT3 behave as GEM constituents,
their newly synthesized counterparts still remaining in the Golgi
do not. This suggests that glycosphingolipid products enter GEM
after their synthesis in the Golgi, at some stage along the secretory
pathway and/or once at the cell surface. Interestingly, most of the
GTs complexes in Golgi membranes do not behave as GEM constit-
uents either. In agreement with this observation, it was recently
proposed that GT partition into glycerophospholipid enriched do-
mains [39]. Triton X-100 insoluble complexes of GlcNAcTI and
GlcNAcTII interacting through their luminal domains have also
been described in CHO cells [37], but these complexes do not ﬁt
in classic ‘‘raft’’ characteristics since they were not affected by cho-
lesterol depletion.
11. Ultrastructural organization of the Golgi complex and
glycolipid expression
Transcriptional control of the expression of key GT acting at
branching points of the pathway of synthesis of glycosphingolipid
oligosaccharides has been identiﬁed as a major determinant for
directing the ﬂow of intermediates to the particular end product
expressed at the cell surface at a given developmental stage [76].
Over expression of particular GT by transfection to CHO-K1 cells
modiﬁes the pattern of expression of gangliosides as expected from
their participation at branching points of the ´pathway [48,77].
However, in considering the Golgi complex dynamics and the com-
partmental organization that supports its multiple functions, the
idea of one gene, one enzyme and one product as the only factor
controlling glycolipid composition of cells appears an
oversimpliﬁcation.
In the Golgi, GT and other Golgi residents cycle between distal
and proximal compartments, and also between the Golgi and the
ER. Retrograde transport occurs via COPI vesicles that fuse with
proximal compartments using the SNARE protein machinery. How-
ever, a previous tethering process has been described in which
monomeric or oligomeric tethering proteins approximate and give
speciﬁcity to the SNARE mediated fusion process [78]. Among
these, the Conserved Oligomeric Golgi (COG) complex, constituted
by eight different proteins (Cog1 to Cog8), is a rather well charac-
terized soluble, bilobular oligomeric tethering complex. Immuno-
electron microscopy shows these proteins associated to the
cytoplasmic face of the tips and rims of the Golgi, their associated
vesicles, vesicular-tubular structures, and of COPI containing vesi-Fig. 3. (A and C) Glycolipid and sphingomyelin content in COG2 null mutant CHO cells
palmitate (C) were analyzed by HPTLC. The chromatograms show a reduction of GM3 and
transfected SialT1-CFP (B) and endogenous SMS1 (D) in wt and ldlC cells. Image shows t
Refs. [86,87].cles [79–81]. Golgi enzymes constantly cycle from distal compart-
ments and it was proposed that COG disfunction separates them
from anterograde cargo resulting in defective glycosylation. Muta-
tions in members of the COG complex affect Golgi dynamics and
glycoconjugate glycosylation, leading to human pathologies (con-
genital disorders of glycosylation type II) that affect, among other
systems, central nervous system function [82,83].
Cog2 null mutant CHO cells (ldlC cells) have pleiotropic defects
in processes associated to trans and medial Golgi leading to abnor-
mal synthesis of N-, O- and ceramide-linked oligosaccharides
[84,85]. The ldlC cells characterize by a prolonged block of vesicle
tethering that causes an extensive Golgi ribbon fragmentation. Bio-
chemical studies revealed decreased levels of GM3 in these cells
[84]. Spessott et al. [86] examined in detail the lipid synthesis sta-
tus in ldlC cells and found that the observed reduced GM3 level
(Fig. 3A) was not attributable to decreased activity of the GT that
synthesizes it from Cer-Lac (SialT1). Rather, a mislocalization of
SialT1, which is reverted upon Cog2 transfection, appeared as
responsible for the defect (Fig. 3B), indicating that cycling of some
Golgi GT depends on the participation of the COG complex and that
deﬁciencies in COG complex subunits, by altering GT trafﬁc and
localization, affect glycolipid composition [86].
12. Ultrastructural organization of the Golgi complex and
expression of other sphingolipid species
Spessott et al. [87] also observed that ldlC cells show defective
synthesis of sphingomyelin (SM) resulting in a reduction of SM
content to approx. 25% of wt cells (Fig. 3C). SM synthesis is mainly
catalyzed by the trans Golgi resident sphingomyelin synthase 1
(SMS1) [88], which transfers the phosphorylcholine moiety of a do-
nor phosphatidylcholine molecule to an acceptor ceramide mole-
cule, generating diacylglycerol as a byproduct. At difference with
wt cells that show SMS1 concentrated in the Golgi, ldlC cells show
SMS1 disperse in vesicular structures scattered throughout the
cytoplasm (Fig. 3D). Cog2 transfection restored SMS1 localization
to the Golgi and also the SM synthesis capacity to nearly normal
levels in ldlC cells, suggesting that the structural alterations of
the Golgi complex associated to the Cog2 deﬁciency in ldlC cells re-
strict proper coupling between SMS1 and some of its substrates.
Since endogenous ceramide accumulates in ldlC cells and meta-
bolic conversion of exogenous C6-NBD-ceramide into SM was
essentially as in wt cells, authors considered a failure in the provi-
sion of ceramide to the compartment in which SMS1 concentrates
as the main cause of the defective SM synthesis.. Lipids from wt and ldlC cells metabolically labeled with 14C-Galactose (A) or 3H-
sphingomyelin content in ldlC cells. (B and D) Subcellular distribution of transiently
he out of Golgi, punctate localization of SialT1 and SMS1 in ldlC cells. Adapted from
H.J.F. Maccioni et al. / FEBS Letters 585 (2011) 1691–1698 1697SM has important cell biological implications as a structural
component of plasma membranes and plasma membrane micro-
domains [89] and as co-regulator of cholesterol homeostasis [90].
In addition, its synthesis by SMS1 modulates the cellular levels of
diacylglycerol and ceramide, which are lipid messengers involved
in the control of cell proliferation [91]. Therefore, defective levels
of SM and imbalances of diacylglycerol to ceramide ratios may
be considered as potential contributors to the clinical phenotype
of patients with congenital disorders of glycosylation type II.
13. Conclusions
The study of glycolipid oligosaccharide synthesis constituted an
important and productive chapter of the biochemistry and enzy-
mology performed during the last half century. With the contribu-
tions of several laboratories, a pathway of synthesis of the different
glycolipid series has been built up. The properties of the participat-
ing transferases, the nature of the nucleotide sugar donors partic-
ipating in each transfer step, as well as the subcellular
localization of the synthesizing activities were disclosed in those
times [51,92,93]. In the last years, one of the great challenges in
the ﬁeld was to accommodate the pathway activities to the Golgi
complex organization and dynamics. We are far from a complete
understanding of the topology of the Golgi located glycolipid syn-
thesizing machinery. However, considerable advances on the
knowledge of the mutual relationships between the GT, of their
ER to Golgi transport, and of their sub-Golgi localization and reten-
tion, has been achieved which in turn contributed to understand-
ing how the Golgi works. Deciphering the dependence of
sphingolipid synthesis on Golgi complex ultra structural organiza-
tion, will also be of relevance for rational interventions to amelio-
rate clinical defects caused by disorganization of the organelle.
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